The design of ordered arrays of metal nanoclusters such as for example 2D cluster organic frameworks might open a new route towards the development of materials with tailored optical properties. Such systems could serve as plasmonically enhanced light-harvesting materials, sensors or catalysts. We present here a theoretical approach for the simulation of the optical properties of ordered arrays of metal clusters that is based on the ab initio parametrized Frenkel exciton model. We demonstrate that small atomically precise silver clusters can be assembled in one-and two-dimensional arrays on suitably designed porphyrin templates exhibiting remarkable optical properties. By employing explicit TDDFT calculations on smaller homologs, we show that the intrinsic optical properties of metal clusters are largely preserved but undergo J-and H-type excitonic coupling that results in controllable splitting of their excited states.
Introduction
The design of multi-chromophoric molecular aggregates with tailored optical properties continues to be an area of strong interest since these systems might find numerous applications as superior light-harvesters in solar cells or in novel optoelectronic devices. 1, 2 The distinct changes in the absorption spectra of these assemblies compared to the monomeric species can be attributed to electronic couplings between the constituents. This leads to the energetic splitting of the absorption bands as well as to the redistribution of their intensities, allowing to optimally tune optical properties of such aggregates. 3 In the frame of the Frenkel exciton model, the spectral features can be explained by coupling of the transition dipole moments between the chromophores where in extreme cases the head-to-tail orientation leads to J-type coupling with red-shifted absorption, while a parallel orientation leads to H-type coupling exhibiting blue-shifted absorption. 4 While molecular dye aggregates have been widely studied, little is known about the optical properties of self-organized metal nanoclusters in a size regime where "each atom counts" (∼ 1-2nm). The usage of small metal clusters as chromophores in such assemblies would open a route towards an efficient "tuning" of the absorption bands in the desired energetic range since cluster excitation energies are strongly size and structure dependent. 5, 6 Furthermore, clusters can exhibit bright fluorescence as well as intense linear and even nonlinear absorption and thus have optical properties which are in many respects superior to those of organic dyes. 7, 8 We have shown recently that Ag cluster arrays can serve as efficient systems for light-induced exciton transport due to a strong electronic coupling between individual "magic" Ag 8 clusters. 9, 10 In addition, Ag clusters exhibit a high affinity to undergo covalent binding to biomolecules, which makes them ideal candidates for the preparation of cluster-organic aggregates. [11] [12] [13] As an example, DNA origami scaffolds have been used in order to assemble metal nanoclusters in a precisely defined threedimensional architecture. 14, 15 Various organic ligands can help to stabilize clusters as it has been shown in several recent studies. 16, 17 In particular, quantum sized nanoparticles can plasmonically enhance the optical properties of attached biomolecules and organic dyes. 18 An attractive possibility to develop novel optical cluster-based materials is the self-organization at two-dimensional templates with well-defined order, comparable to the known 2D metal-organic frameworks (2D MOF). First steps in this direction have been recently made by the preparation of a novel surface coordination network based on Cu 3 nanoclusters connected via tetrahydrobenzene (THB). 19 Only recently, experimentalists have also shown for the first time the dominant role of dipole-dipole interaction inside a two-dimensional molecular aggregate (2DMA) placed on a metallic substrate, in determining its ultrafast quenching and energy-dissipation rate. 20 In this article, we introduce a new 2D cluster organic framework consisting of "magic" Ag + 3 clusters bound to triply fused porphyrin arrays. Porphyrins have previously served as organic linkers in the preparation of surface assisted metal-organic 2D architectures. 21 Also, synthesis of 1D porphyrin tapes and small sheets has been reported 22, 23 and surface-assisted preparation of porphyrin-oligomers has been demonstrated on an Ag (111) support. 24 Here, we explore systematically the coupling between the Ag clusters at porphyrin templates and address the optical properties of such arrays, which might find applications in light-harvesting, analytical sensing or cluster-mediated catalysis. 25, 26 
Methods
The extensive search for structures was performed by the simulated annealing procedure coupled with molecular dynamics simulations in the framework of the RI-DFT method 27 and the BLYP functional. 28 The structures found were re-optimized using the CAM-B3LYP functional 29 with a 19-electron relativistic effective core potential 30 (19el-RECP) for silver. For the porphyrin moiety, the def2-TZVP basis set was used. 31 The absorption spectra were obtained in the framework of TDDFT using the 11el-RECP with the corresponding basis set which has been developed for an accurate description of excited states of silver clusters. 32 The absorption spectra of larger arrays have been obtained by employing the transition density cube (TDC) method. 33 
Simulation of cluster-array spectra
We assume that an array under consideration consists of N weakly interacting metal clusters. The total electronic Hamiltonian of the cluster array is constructed based on the Hamiltonians of indi-vidual components asĤ
whereĤ 0 I is the electronic Hamiltonian of the I-th cluster, which can be constructed based on the TDDFT calculations, andV IJ is the interaction between the I-th and J-th clusters, which within the described approach is considered to be purely electromagnetic and can be naturally divided into the electron-electron, electron-nuclear and nuclear-nuclear contributions:
Here indices p, q run over all electrons and A, B over all nuclei of the I-th and J-th clusters, respectively.
The natural basis for the representation of the coupled array HamiltonianĤ is the product-state basis built up from the individual cluster eigenfunctions:
where each eigenfunction Ψ I i satisfies the time-independent Schrödinger equationĤ 0 I Ψ I i = E I i Ψ I i with E I i being the i-th electronic state energy of the I-th cluster, and the indices i, j, . . . , z running over all included electronic states for each cluster in the array. In this basis the Hamiltonian H can be represented by a super-matrix:
The first term in Eq. (4) in the basis (3) is a diagonal matrix due to the orthogonality of the single
At the same time, the second term in (4) is represented by a non-diagonal matrix
with the I-th and J-th cluster indices omitted in the product δ ii δ j j . . . δ zz . Using Eq.
(2) we reduce the electron-electron interaction element in Eq. (6) to the following integral
Here x I,J denote the position and spin variables of all electrons of the I-th (J-th) cluster, r I,J 1 is the position of the first electron of the cluster I or J, and N I,J is the number of electrons in the clusters I or J. Defining a transition density as
where the integration runs over position and spin variables of the I-th cluster electrons from the second to the N I -th. Note, that in case k = k , Eq. (8) gives the one-electron density of the k-th state. Substituting Eq. (8) to Eq. (7), we derive the electron-electron interaction element between the I-th and J-th clusters based on the transition densities
In the same manner the electron-nuclear interaction elements can be obtained:
Within the described model, the electron-electron interaction (9) does not include the exchange interaction between individual subunits. However, since in our simulations the distance between the clusters is kept relatively large, such interaction is unlikely to contribute to the optical properties of the array.
When the HamiltonianĤ is constructed, one can diagonalize it to obtain the set of states with eigenenergies ε m and eigenfunctions |ψ m which in the tensor basis (3) are expanded as:
Now, the array spectrum can be straightforwardly calculated with the excitation energies
and oscillator strengths
where M 0m is the transition dipole moment between the ground and the m-th excited state of the array, which can be written in terms of the single cluster transition dipole moments µ I kk :
Here the indices k and k correspond to the I-th cluster index in the set i j . . . z.
It is now evident that the prerequisites needed to simulate the absorption spectrum of the cluster array are the electronic state energies of each single cluster (see Eq. (5)), transition densities between all the electronic states included in the simulation, and transition dipole moments between all the states. In principle, for molecular-sized subunits, any ab initio or semiempirical electronic structure method can be used to obtain these quantities. In the current contribution we have employed the linear response time-dependent density functional theory (TDDFT) due to its efficiency and applicability to relatively large complex systems. Standard TDDFT routines allow for obtaining the required excited state electronic energies as well as transition densities and transition dipole moments between the ground and excited electronic states. In contrast to the ground-excited state transitions, the determination of the excited-excited state transition densities and dipole moments requires an approximate procedure , which has been first presented in Ref. 34 This procedure is based on the Casida ansatz, 35 which allows the excited state electronic wave function to be approximated by the configuration interaction singles-like expansion
where Φ CSF i,a is a singlet spin-adapted configuration state function (CSF) defined as: 
where ε a and ε r represent the orbital energies of a-th occupied and r-th virtual single electron orbitals, respectively, ω k is the excitation energy of the kth electronic state, and X k and Y k are the solution of the TDDFT eigenvalue problem. 35, 36 Now substituting Eqs. (15) and (16) in (8) and calculating the integral, making use of mutual orthogonality of the MOs, one can derive the formulas for single-cluster transition densities between all the states of interest 
where {φ } are the MOs of the cluster, indices a, b run over all occupied and r, s over all virtual orbitals. After the transition densities have been calculated, the corresponding transition dipole moments can be straightforwardly determined
In practice, it is convenient to calculate MOs of a single subunit and thus the transition densities on a grid. In this case, the Eqs. Additionally, the integrals in Eqs. (9)-(10) and (21) are substituted by sums over grid points.
We demonstrate the applicability of the presented method to simulations of absorption spectra of Ag + 3 cluster arrays by comparing the spectra for monomer, dimer, and trimer, simulated using the proposed methodology, to the spectra calculated by means of the more accurate ab initio correlated CC2 method. 37 The CC2 model is an approximation to the coupled cluster singles and doubles (CCSD) model and provides excitation energies correct to the second order and transition moments correct to the first order at reasonable computation time. The resulting spectra are presented in Fig.   2 Note that the energy scales of the two plots in Fig. 2 are shifted with respect to each other by ∼0.25 eV in order to locate the monomer spectra one above the other. The difference between the monomer absorption energies is due to different accuracy of the TDDFT and CC2 models.
Since in our approach the array spectra are based of the monomer data, the dimer and trimer spectra demonstrate the same shift with respect to their CC2 counterparts as well. Despite this fact, all the features, such as absorption band splitting and redistribution of intensities are accurately reproduced. Thus we conclude that, for larger arrays, the absorption spectra will be reliable as well.
Results and Discussion

Explicit Calculations
We first present the structural and optical properties of the monomeric porphyrin-Ag 4 hybrid structure in order to demonstrate the stability of such systems. The optimized ground state structure has been obtained by DFT calculations and is presented in Fig. 1 . Other calculated higher energy isomers are provided in the Supporting Information (SI). The structure is composed of a triangular Ag + 3 subunit and a distorted porphyrin moiety with two pyrrol rings folded in and additionally an "out-of-plane"-located Ag + ion. The natural bonding orbital (NBO) analysis shows a net charge of 0.77 localized at the Ag 3 subunit and 0.70 for the remaining Ag + ion, thus proving the presence of a singly charged Ag + 3 cluster, which has formally two valence electrons and a closed S-shell "magic" structure. The calculated molecular electrostatic potential map shown in Fig. 1a ) further illustrates the charge distribution within the hybrid system. Experimentally, similar systems containing two bare Ag + ions are already known. 38 However, in contrast to such systems the Ag + 3 subunit still has two delocalized electrons and behaves as a stable UV chromophore as we have previously demonstrated in several species. 18, 39 In Fig. 3 we present the calculated absorption spectrum of the monomeric hybrid system obtained by the long-range corrected TD-DFT method. 29 The spectrum exhibits four broad bands in the range between 3 and 5 eV and an almost dark band located at 2.16 eV, which can be assigned to the characteristic porphyrin Q-band. 40 The analysis of the transitions shown in the lower part of Fig. 3 reveals that the excitations marked red in the spectra can be attributed to almost pure Ag + 3 cluster transitions. They are identified as excitations from the "S" cluster orbital to P x , P y , and P z cluster orbitals, respectively.
Furthermore, comparison with the calculated spectra of the bare Ag + 3 cluster (shown in the inset, and in the SI) leads to the conclusion that the absorption properties of the cluster are largely preserved within the hybrid system, although the excited state marked "C" undergoes a shift to- wards lower energies. In order to investigate the electronic interaction between the clusters in an aggregate, we have performed explicit DFT and TDDFT calculations on the dimer and a trimer hybrid system. In these species a directly triply linked porphyrin dimer and trimer interact with Ag 4
moieties. An extensive structure search shows that in both systems the most stable isomer consists of an out-of-plane Ag + ion and an Ag + 3 cluster, similar to the monomer, whereas the clusters are oriented in a parallel direction in the dimer and trimer. The distance between the Ag atoms on top of the trimeric moieties is 9.60 Å and the porphyrin backbone undergoes a twisted distortion. the discussed states arise due to transitions from orbitals belonging to the cluster S-band of the polymeric system to orbitals from the P x and the P y band, and thus have the same character as the "original" states in the monomer. This pattern can be understood by examining the transition dipole moments and its orientations. As illustrated on top of Fig. 5 , in case of the transition "A", the transition dipole moments are oriented in a "head to tail" manner resulting in a J-type splitting. In contrast, the orientation of the dipole moments in the "B" transition leads to H-type coupling. In case of the dimer, this leads to the formation of a less intense peak belonging to the A band at higher energy and a less intense peak belonging to the B band at lower energy (cf. Fig. 4a ). The trimer exhibits three J-and three H-type states derived from the A and B bands.
Notice, that the lowest H state belonging to the B band is even lower in energy than the highest J type state (cf. Fig. 4b ). Therefore, we cannot energetically distinguish between the A and the B band anymore. The calculations show that the intrinsic optical properties of the Ag clusters are preserved in multichromophoric aggregates at conjugated porphyrin templates. Based on these findings we investigate in the following how the optical properties of the porphyrin-silver hybrid system evolve with size. Therefore, we consider a 2D arrangement of Ag + 3 clusters with the same distances and orientation as in the dimer and trimer systems and explore the effect of electronic couplings on the strong intracluster transitions. In the first example, we assume a planar porphyrin template structure as we expect from synthesis on a support. In the second example, we consider the optical properties of extended tilted systems, based on additonal excplicit DFT calculations on the structure of such tapes and arrays. 
Extended planar structures
The optical properties of extended planar Ag + 3 arrays are studied employing the ab initio parametrized
Frenkel exciton model where the coupling has been calculated using the transition density cube method (TDC). 33 Although in this approach the porphyrin templates are neglected, the TDDFT calculations on the dimer and trimer show that this is justified since intracluster transitions are only slightly affected by the porphyrin surrounding. The structures of linear arrays with increasing size are shown in the inset of Fig. 5a ). The corresponding absorption spectra presented in in z-direction. The presence of these additional couplings in a two-row system leads to higher excitonic splitting, which systematically increases with size (cf. Fig. 5b ), reaching a value of 0.49 eV in a system with 20 cluster subunits. This effect is even larger in 2D quadratic arrays, as shown in Fig. 5c . For example, in a 5x5 array the excitonic splitting amounts to 0.77 eV. Altogether, these findings demonstrate that the optical properties of ordered arrays of Ag clusters can be systematically tuned by exploiting the excitonic couplings in nanoarchitectures with precisely controlled structural properties imposed by the porphyrin templates.
Extended tilted structures
Thorough investigation of the Ag + 3 cluster orientation in the fully-optimized structures of the porphyrin-Ag 4 dimer and trimer presented in Fig. 1 demonstrates that the relative shift and rotation of two neighboring clusters is preserved within both oligomers. Additional optimization of 2x2 and 3x3 porphyrin-Ag 4 array structures (shown in Fig. 6 ) confirmed that not only the distance but also the rotation angles between neigboring Ag + 3 clusters coincide with the ones determined Both calculations have been carried out using the RI-DFT method.
based on the 1D structures. Therefore, these shift vector and rotation matrix can be considered as the characteristic properties of the porphyrin-Ag 4 arrays and thus can be used to predict configurations of larger arrays.
Applying the least mean square fitting procedure to the fully-optimized 2x2 structure presented in Fig. 6a ), the shift vectors R h , R v and rotation matrices M h , M v have been determined, which transform the coordinates of an Ag + 3 cluster r 0 to the coordinates of its nearest neighbor along the vertical, r v , or the horizontal, r h , as follows:
Based on Eq. (22), an Ag + 3 array of arbitrary size can be constructed with coordinates of each single cluster given by
The correspondence between the Ag + 3 arrays constructed by means of Eq. (23) and the fully optimized structures is reasonably good. Indeed, the root-mean-square deviations between the generated and optimized configurations of Ag + 3 clusters are 0.04 and 0.29 Å per cluster for dimer and trimer 1D structures (see Fig. 1 ) and 0.04 and 0.23 Å per cluster for 2x2 and 3x3 arrays presented in Fig. 6 .
Using the methodology described above, the absorption spectra of Ag + 3 arrays resembling such "free" porphyrin-Ag 4 oligomers have been calculated. Relative tilt between the interacting clusters has been taken into account by applying the transformation (23) to the electronic and transition densities used in Eqs. (9) and (10) In part a) of Fig. 7 , the absorption spectra of increasing tilted one-row tapes are presented, exhibiting an energetic splitting of 0.25 eV in a system consisting of 10 subunits. In case of the aggregate comprising tilted two-cluster-rows with 20 subunits, the splitting amounts up to 0.51 eV, as illustrated in part b) of Fig. 7 . The less intense band present at 4.3 eV in the absorption spectra of the flat two-row system cannot be observed here. In case of the quadratic, tilted arrays, the excitonic splitting amounts to 0.79 eV in a 5x5 array. The differences in comparison with the energetic splitting in flat structures can be explained by looking at the magnitude and direction of the coupling again:
In tilted structures, coupling to the closest neighbor in y direction has a value of -0.55 µ 2 /R 3 (in flat arrays -0.5 µ 2 /R 3 ), and 0.84 µ 2 /R 3 in z direction (in flat arrays 1.0 µ 2 /R 3 ). Additionally, since µ y and µ z are not orthogonal in tilted arrays, the coupling between these transition dipole moments amounts to -0.5 µ 2 /R 3 (in flat arrays it is zero). In tilted 2D structures, coupling between second-to-nearest neighbors along the diagonal has to be taken into account again and in case of the two-row system it results in -0.47 µ 2 /R 3 
Conclusion
In conclusion, we have demonstrated that small silver clusters can be assembled in one and twodimensional arrays on porphyrin templates. Furthermore, by employing TDDFT calculations, we could show that the intrinsic optical properties of these clusters are largely preserved, but undergo J-and H-type excitonic coupling leading to energetic splitting. By employing the Frenkel exciton 
